Introduction
Carbon fiber reinforced plastics (CFRP) are widely used in various industries such as aircraft, aerospace, automotive, and wind energy. To assure integrity and avoid catastrophic structural failures, periodic inspections are carried out, which can be time-consuming and costly especially for large structures due to expensive non-destructive testing (NDT) processes and downtime. Hence, a permanent monitoring of the integrity of the structure during operation, namely a structural health monitoring (SHM) system, is valuable in many cases. SHM offers a high potential to increase safety, reliability, and cost efficiency of fiber reinforced structures.
Several approaches for monitoring composite structures exist. [1] [2] [3] [4] [5] [6] One promising SHM method for materials, which are not electrically insulating, is the electrical resistance measurement. 7 In CFRP, the carbon fibers are electrically conductive and the polymer matrix is non-conductive. The high electrical conductivity of carbon fibers allows for in situ strain monitoring and damage detection by electrical resistance measurements. [8] [9] [10] [11] [12] [13] [14] To exploit the electrical conductivity of CFRP and use the material itself as a sensor in an SHM system a reliable contacting of the material is crucial to enable electrical resistance measurement during operation. Due to its excellent reproducibility and high potential for industrial automation, ink-jet printing is a promising technology to place conductive paths on the material and realize reliable contacts for electrical resistivity measurements. [15] [16] [17] [18] [19] Silver as ingredient in the ink for the conductive paths is favorable due to its high conductivity and in contrast to copper, it is a cost-efficient noble metal and a passivation is not necessary. Especially for nanoparticle-based inks, the corrosive properties of the used metal are not negligible due to the large surface area. A small particle size allows a strong reduction of the melting point, [20] [21] [22] and therefore a low sintering temperature is possible. 23 Low sintering temperatures for conductive paths allow to print electronics on temperature sensitive substrates like flexible electronics on foil. 17 Working with CFRP and silver inks a low sintering temperature is also essential to avoid damaging the material. Recently, researchers investigated the reduction of sintering time by using flash light sintering, which speeds up the manufacturing process and makes the approach even more attractive for industrial application. 24 In the present work, we investigate a new approach to use ink-jet printed conductive paths on CFRP to detect and localize damages in the material. Silver nanoparticle-based ink is printed on CFRP specimens and sintered on the structure. Three-point bending tests with simultaneous electrical resistance measurements are carried out. X-ray and ultrasonic testing are used for a parallel detection and localization of the damages. The work aims to demonstrate the damage sensing potential of an electrode system, which is directly printed onto the CFRP surface with a focus on the detection and localization of inter-fiber failures and delaminations.
Materials and specimen preparation CFRP specimens
The used carbon fiber reinforced prepregs consist of an epoxy matrix and carbon fibers (Hexply M21/34%/UD194/T800S by Hexcel) and have a fiber volume content of 57.77 ± 0.01% (measured on eight samples of the cured carbon fiber laminates according to DIN EN 2564). CFRP plates with the two different laminate layups, [90 3 /0 2 ] S and [90 3 /+45/−45] S , were laminated from the prepregs and cured in an autoclave process at a temperature of 180 °C and a pressure of 7 bar for 120 min in a nitrogen atmosphere. The laminate layups were chosen to introduce inter-fiber failures on the bottom side of the specimens and delaminations in top of the lower three 90°-layers under bending conditions. Subsequently, specimens with dimensions of 100 mm × 15 mm × 1.9 mm (in accordance with DIN EN ISO 14125) were cut from the plates using a water-lubricated diamond saw. Additionally, for electrical characterization of the CFRP, a unidirectional (UD) laminate with the laminate layup [0] 10 was manufactured using the described autoclave process. From this plate specimens with dimensions of 15 mm × 15 mm were cut.
Printed conductive paths
Functional silver-ink was printed on the CFRP surface to obtain conductive paths. No surface treatment was carried out prior to printing to keep the amount of manufacturing steps as low as possible. The surfaces were cleaned using isopropyl alcohol. Silver nanoparticles (31.0 wt.-%) with a D90 value (90% of the distribution lies below this value) of 60 nm were dispersed in the solvent butyl carbitol (68.5 wt.-%). The density of the ink is 1.48 g/ml and the viscosity measures 17.6 mPas at a shear rate of 1000 s −1 at room temperature. For steric stabilization, 0.5 wt.-% ethyl cellulose was added which assures a stable suspension for about 3 h. Thus, during the printing process the composition of the ink is constant. The used single nozzle print head (by microdrop Technologies) has a nozzle diameter of 70 μm. A piezo actuator controls the emission of single drops. The voltage and the current pulse applied to the piezo actuator as well as the nozzle temperature can be varied to obtain an optimal drop. The control software and the moveable table where the substrate is placed to allow for printing images on the CFRP. This system forms a reliable and reproducible drop with the ink as described above. A sintering temperature of 170 °C was applied for 4 h to obtain conductive silver paths. Figure 1(a) shows the printing setup used. The printed conductive paths on the CFRP using this setup are shown in Figure 1 
Specimen preparation
To enable reliable contacting with the system for resistance measurements stranded copper wires were connected with the printed conductive paths using conductive silver paint (Acheson Silver DAG 1415M). Silver paint was also applied on the edges of the specimens that were used for electrical characterization. After finished preparation, the specimens were dried for 5 h at 40 °C in a vacuum oven and stored in a desiccator until testing to keep the specimen conditions constant. 
Experimental Electrical characterization
Four channel measurements were carried out to determine the conductivity of the UD CFRP specimens in three directions by using a digital multimeter (Keithley 2601A). Ten specimens were tested in the following three directions, respectively:
• In fiber direction (0°-direction)
• Perpendicular to fiber direction, in plane (90°-direction)
• Perpendicular to fiber direction, out of plane (thickness direction) On each specimen, one continuous electrical measurement was carried out. From the resistance, R, the measuring length, l, and the cross section, A, the conductivity, σ, is calculated as follows:
Additionally, the conductivity of the printed silver nanoparticle-based paths was measured for comparison of the conductivity of path and CFRP substrate. Therefore, five specimens with insulating surfaces were investigated. On each specimen, one path with a length of 38.2 mm, a width of 0.67 mm, and a thickness of 7 μm was printed. A sintering of the conductive paths was conducted before electrical measurements. On each specimen, one continuous electrical measurement was carried out by connecting the digital multimeter (Keithley 2601A) with the ends of the conductive paths. From the number of specimens, n, the measured values, x i , and the mean value, x, the standard deviation, s, is calculated using the following equation:
Setup of mechanical and electrical tests
We conducted three-point bending tests using a universal testing machine (Zwick Z2.5 TH) to achieve high tensile loads
in the lower 90°-layers and systematically introduce inter-fiber failures on the bottom side of the specimens and delaminations above the lower 90°-layers. The test speed was set to 2 mm/min to generate a sufficient time interval between the individual failures to detect the failures separately. Both, loading pin and supporting pins (further denoted as cylinders) of the three-point bending test setup consist of aluminum oxide (Al 2 O 3 ) to ensure electric insulation of the specimens during testing. The distance between the lower cylinders was 55 mm and the diameters were 10 mm and 4 mm for the upper and lower cylinders, respectively.
Two different test series were conducted and are described in the following. In the first test setup conductive paths are printed parallel to the 100 mm long edges and the resistance is measured along these paths to investigate the change of resistance along the paths exposed to bending. In addition, tests with printed paths on both sides of the specimens are tested and the resistance is measured through the material during mechanical testing.
Electrical resistance measurements along printed paths
The specimen geometry and the locations of the conductive paths are shown in Figure 2 (a). Two paths are printed on the bottom side of the specimen. This design was chosen to be able to compare two measured signals from two paths lying next to each other. To measure the DC resistance over the length of the conductive paths the ends of the paths are connected with a digital multimeter (Keithley 2000). 
Electrical resistance measurements through material
To be able to measure the resistance through the material, specimens with printed paths on both sides are produced. The design of the conductive paths for measuring through the material is shown in Figure 3 (a). The DC resistance is measured from the top electrode to each of the four electrodes on the bottom side of the specimen. Figure 3(b) shows the test setup and the connected electrodes for the four measured resistances. orders of magnitude higher than the conductivity of the CFRP in fiber direction. This difference enables to measure changes of the current flow from the highly conductive paths to the lower conductive CFRP. Electrical conductivity and in particular through-thickness electrical conductivity of CFRP varies extremely depending on fiber volume content and size of the inter-laminar polymer layers. Compared to the values presented here, much lower conductivities have been measured in some other studies. 25, 26 In these studies, microscopy images show larger inter-laminar polymer layers than the light microcopy images of our investigated CFRP. However, there are also studies that report electrical conductivities in the same range 27 or even higher than the ones reported in our paper measured on comparable materials 9 even for interleaved systems. 27 In the cross sectional view (see Figure 10 ) it can be seen that the inter-laminar polymer layers are relatively small and at some points touching fibers of adjacent layers can be observed. In combination with the high fiber volume content, this leads to a relatively high through-thickness conductivity.
A comparison of the through-thickness conductivity of UD and quasi isotropic laminates supports this observation. We measured through-thickness conductivities of quasi isotropic laminates (laminate layup: [45/0/−45/90] S ) made from the same prepregs using the same amount of specimens and found an electrical conductivity in through-thickness direction of 3.3 ± 0.3 S/m which is twice as high as the conductivity measured on the UD specimens. The higher conductivity of the quasi isotropic laminates is present due to more connection points of touching fibers of adjacent layers compared to UD laminates. Other researchers have also observed this trend before by comparing UD and multidirectional laminates.
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Nondestructive testing X-ray testing Radiography was used for detection and localization of interfiber failures (Faxitron Model 43855a). The tube current was 3 mA at 20 keV and the exposure time of the D2 films was 5 min. For better visibility of cracks, a zinc iodide-based contrast medium, consisting of ZnI 2 , H 2 O, isopropyl alcohol, and Agfa Agepon, was applied on the specimen edges prior X-ray exposure. Development and fixing of the films was conducted using the manual developer Agfa Structurix G128 in conjunction with the fixer Agfa Structurix G328. Finally, the films were flushed in water for 10 min and dried in a drying chamber for 20 min.
Ultrasonic testing
To evaluate locations and size of the delaminations at different load levels, ultrasonic measurements were carried out (USPC 3040 from Ingenieurbüro Dr Hillger). Pulse-echo method was used and demineralized water served as coupling medium. Selected specimens were tested at load levels with displacements from 0 mm up to 12.5 mm in displacement steps of 2.5 mm. Characterization of the delaminations were performed on the generated c-scans.
Results

Electrical conductivity
The conductivity values are shown in Table 1 .
As expected, the highest conductivity is present in fiber direction and the conductivity perpendicular to the fiber direction in plane is higher than the conductivity perpendicular to the fiber direction in thickness direction (due to resin rich areas between the plies). The conductivity of a printed path is two Light microscopy observations of the damaged printed paths show that inter-fiber failures at the surface cause interruptions as well as flaking of the paths in proximity to the cracks (see Figure 5) . Hence, when inter-fiber failures occur the resistance increases due to the interruption of the paths in the region of the cracks at the surface. The current flow in case of inter-fiber failures flows through the CFRP, which has a higher resistance compared to the silver-based printed path resulting in a resistance increase. The current flow is schematically shown in Figure 6 . This method enables to detect interfiber failures reliably on the surface. It can be used to monitor surfaces where surface cracks are crucial. Damages of the paths occurred only due to events of inter-fiber failures and no debonding of the CFRP-silver interface could be observed. Therefore, the quality of the interface is sufficient for the considered application even without additional surface treatment.
The 0°-fibers in the cross-ply laminate have a significant influence on the mechanical as well as on the electrical behavior. Therefore, a substitution of the 0°-layers with ±45°-layers was conducted and the results are shown in Figure 7 . Due to the different layup, the maximum force and the Young's modulus are reduced and less inter-fiber failures occur. The resistance change is similar compared with the resistance change of the cross-ply laminate, shown in Figure 4 .
It can be said that with the substituted middle layers the surface cracks can be detected reliably as well. Therefore, a detection of all inter-fiber failures is possible for both, 0°-layers and ±45°-layers as middle layers of the laminate.
For both laminates, the increase of the resistance varies significantly for differently located inter-fiber failures. Therefore, specimens are tested and unloaded at every inter-fiber failure event and X-ray images are made to correlate the location of the damage with the resistance increase that the damage Electrical resistance measurements along printed paths for surface crack detection Figure 4 shows typical results of the mechanical and electrical measurements for a specimen with a layup of [90 3 /0 2 ] S . The resistance without loading (R 0 ) is 2.1 Ω for both conductive paths, and the resistance change (ΔR) is specified as the difference of the measured resistance without (R 0 ) and during loading (R).
The force increases to a maximum at a displacement of 14.8 mm and fracture of the specimen occurs at 18.7 mm. In addition to the mechanical response, the change of electrical resistance is shown for the two conductive paths, measured from one end to the other of the same path, respectively. Both, the force-displacement curve and the resistance change-displacement curves contain several discontinuities indicated by circles in the diagram. The discontinuities correlate perfectly with the steps in the resistance change.
The discontinuities in the measured force are present due to damages in the material. Since the dominating failure modes in cross-ply laminates subjected to bending and the failures observed in the tested specimens are inter-fiber failure and delamination, these two failure modes lead to the discontinuities of the measured force and resistance signals. All failures detected by the measured force exceeding a certain amount of energy release can be detected by resistance changes. X-ray images show that all discontinuities in the mechanical response correlate to inter-fiber failures and the developing delaminations show no distinct discontinuities. The resistance increase at the end of the test (up to unmeasurable values) indicates the final fracture of the specimen cutting the specimen completely and therefore all possible conductive paths for current flow. Hence, all failures exceeding a certain size and therefore being relevant for the integrity of the specimen as well as the final fracture can be detected reliably. is qualitatively the same as in Figure 4 . The resistance changes are different for the four measured channels. For channel 1 (from top electrode to low electrode 1) and channel 4 (from top electrode to low electrode 4) the relative resistance change is in the range of ±2.5% until final fracture, where the resistances suddenly increase to infinity. The resistance change of channels 2 and 3 (from top electrode to lower middle electrodes) increases significantly with increasing displacement up to 26% and 17.5% before final failure, respectively. The non-significant resistance changes of channel 1 and 4 (to electrodes left and right of the specimens) indicate that the current flow is not changed significantly in these areas of the specimen. It is assumed that close to these electrodes no delaminations and inter-fiber failures that interrupt the current flow are present. For channel 2 and 3 the resistance increase indicates that damages occur inside of the material close to the most stressed areas in the center of the specimen. This can be proven by light microscopy observations of a tested specimen shown in Figure 10 . Above electrodes 2 and 3 (center electrodes), inter-fiber failures in the three lower 90°-layers and delaminations in between the 0°-and 90°-layer are found. Above the outer electrodes (1 and 4) only inter-fiber failures are detected by light microscopy.
The comparison of the regions close to the outer electrodes and close to the inner electrodes shows that the only causes (see Figure 8) . At the first damage event, two inter-fiber failures occur and the resistance increases 4.1%. For the third inter-fiber failure the resistance increases clearly as well. The next two inter-fiber failures, which are present in between two existing inter-fiber failures (test steps 3 and 4) show only small increase in resistance. The last inter-fiber failure does not lie in between two inter-fiber failures and leads to a significant increase of the resistance again.
Inter-fiber failures that lie in between two other inter-fiber failures lead to a smaller resistance increase compared to the inter-fiber failures that do not lie in between two other interfiber failures. Failures in between two other failures do not change the current flow as much as failures outside of other failures, since the path of least resistance is not changed in the case of a new crack in between two other cracks.
Hence, a reliable detection of inter-fiber failures with the presented approach is possible. However, a localization of the damage is only possible when multiple paths with different electrode locations are used.
Electrical measurement through material for delamination detection
Mechanical and electrical measurements for a typical behaving specimen are plotted in Figure 9 . The mechanical response at 2.5 mm displacement. First delaminations are detected at 5.0 mm displacement. Between these two loading steps the resistance, measured to the middle electrodes, increases significantly. Hence, a detection of the first delaminations by resistance increase is possible. With increasing displacement both, the delaminations and the resistance for the electrodes that are close to delaminations increase. Furthermore, we found that the delaminations appear in a depth of about 1.3 mm, which is the location of the lower 0°/90°-interface, since the cured ply thickness is 0.19 mm, resulting in a depth difference is the presence of delaminations in the higher loaded (center) area. Inter-fiber failures in the 90°-layers are present in all areas. Since the resistance change increases only for measurements with electrodes close to the most loaded areas where delaminations occur, delaminations can be detected by a significantly higher resistance change compared to areas where only inter-fiber failures occur, which are not detected by the through-thickness measurements. C-scans from ultrasonic testing show the development of delaminations (see Figure 11) . No delaminations are present structure. In practice, this can be achieved for instance by measuring the resistance of the monitored structure over a reasonable temperature range. The path designs chosen within this study consist exclusively of linear geometries. These simple geometries were chosen to investigate paths parallel and perpendicular to the fiber direction to be able to differentiate between these two types of conductive paths. However, with the used inkjet technology, more complex conductive path geometries such as branched networks are printable as well. Furthermore, printing onto curved surfaces is possible. Depending on the curvature, a print head mounted on a robotic arm could be useful. It has to be noted that for thicker parts, a sufficient through-thickness conductivity needs to be guaranteed. In case of the presence of structural features (e.g. stringers), a of the interface of 1.3 mm. This delamination area corresponds to the location of the delaminations found in light microscopy observation (see Figure 10) .
Hence, detection as well as a localization of delaminations is possible with the used path design and through-thickness resistance measurement, since delaminations lead to a resistance increase at delamination areas in thickness direction.
Application and future studies
Depending on the application, it might be necessary to consider the environmental conditions because temperature and humidity have an influence on the electrical resistance of CFRP. To determine an accurate damage location over a changing temperature/humidity profile it is necessary to know the influence of these parameters on the resistance of the considered delaminations inside of the CFRP. If inter-fiber failures occur on the surface, the electrical resistance measured along single printed paths increases due to interruptions of the printed paths, which have a significantly lower resistance than CFRP. Failures inside of the material can be detected by measuring the electrical resistance through the CFRP. With throughthickness measurements delaminations can be detected by an increase of the electrical resistance. If multiple electrodes are printed on the material surface and several measurements are conducted synchronously, a localization of the defects is possible. Hence, in case of tailored designs of printed paths additionally to the detection also a localization of inter-fiber failures and delaminations in CFRP is possible. division into different systems monitoring parts and joints independently might be necessary. In addition, the sensitivity of the polymer matrix influences the measured resistances because damages monitored here are matrix dominated (e.g. toughening agents influence the crack propagation of matrix cracks). Using carbon nanoparticles in the polymer matrix an increase of the through-thickness electrical conductivity needs to be considered.
When applied in structures with integrated lightning protection the conductive paths need to be arranged in a way that they do not significantly change the current flow caused by lightning. However, existing metal foils or meshes used for lightning protection can act as two-dimensional electrodes and be integrated into the online-monitoring system for through-thickness electrical resistance measurements.
For future studies, the two following issues are of interest: First, the presented ink-jet technology can be used to apply a conductive path network for monitoring of secondary bonded components and adhesives. To transfer the presented online-monitoring approach to a secondary bonding, the adhesive needs to be electrically conductive. Monitoring of adhesives is of particular interest, since it offers potential to increase the reliability of adhesively bonded joints.
Second, in addition to printing onto the cured CFRP, printing directly onto the prepregs is a promising approach. The printing process could be integrated into or done parallel to automated tape laying of prepregs and therefore minimize costs for printing. To obtain good conductive paths without gaps it is necessary to vacuum-bag consolidate the prepregs. This causes a surface that is smooth enough for the ink-jet printing process. A challenge for this approach is the low viscosity of the resin during an autoclave process. Possibly, the low viscosity of the resin can lead to insufficient quality of the printed paths after curing. This should be part of further investigations.
Conclusion
Ink-jet printed silver nanoparticle ink on CFRP allows for in situ monitoring and detection of both, surface cracks and 
